Observing mating behaviors in wild populations is difficult because of the relative infrequency of copulations, nocturnal habits of many species, and possible observer effects on behavior. However, the development of genetic techniques has enabled the outcome of reproductive activities to be examined by sampling young and potential parents. Our objective was to examine paternity in a population of free-ranging raccoons (Procyon lotor) in southern Illinois using 10 highly polymorphic microsatellite markers. We determined genotypes for 183 individuals, including 35 young from 11 litters. Most litters ( X ¼ 3.2 young/litter 6 0.4 SE) had multiple sires, as indicated by .2 paternal alleles at each locus; !88% of 8 litters with .2 young were sired by multiple males. These results indicate that females mate with multiple males during estrus. We also found evidence that at least 1 male mated with multiple females. Sires (75%; n ¼ 8) were usually trapped ,500 m from the locations where dams were trapped. In this raccoon population, the mating system is best described as promiscuous. We hypothesize that this pattern of breeding behavior is influenced by a male-biased sex ratio and high population density of raccoons on the study area.
The application of molecular techniques to studies of animal social and mating systems has resulted in unexpected discoveries and changed our perception of animal behavior. Extrapair copulations and fertilizations have been reported in systems previously characterized as monogamous (see reviews by Griffith et al. 2002; Hasselquist and Sherman 2001; Westneat and Sherman 1997; Westneat and Stewart 2003) , female copulations with multiple males have been reported in systems previously described as polygynous (see review in Wolff and Macdonald 2004) , and intensive observations are no longer necessary to determine relatedness (which may or may not be accurate- Goodnight and Queller 1999) . However, the application of molecular techniques has been taxonomically biased, with many more studies in birds and invertebrates than in mammals (Wolff and Macdonald 2004) . Possible explanations for this discrepancy include the comparative difficulty of studying crepuscular or nocturnal species, the challenges of identifying potential sires in systems with no paternal care, and the difficulty of locating young that can be moved frequently rather than remaining at fixed nest sites. Although not all mammalian taxa pose these obstacles to data collection, for those that do, molecular techniques provide a new method of observation and certainly new insights.
Raccoons (Procyon lotor) have been studied extensively, both in captivity and in the wild (see review in Gehrt 2003) . Raccoons are most active at night (Kaufman 1982; Lotze and Anderson 1979) and forage opportunistically, consuming both plant and animal food items (Stains 1956; others in Gehrt 2003) . Most home-range estimates range from 50 to 300 ha (Gehrt 2003) , with smaller home ranges reported at higher densities (Ellis 1964; Sherfy and Chapman 1980) . Dispersal usually occurs in the fall but occurs occasionally in the spring and is male-biased (Butterfield 1944; Gehrt and Fritzell 1998; Stuewer 1943; Urban 1970) . Females are more philopatric and have been known to overlap the home ranges of their mothers (Waser and Jones 1983) , even denning together as adults (Gehrt and Fritzell 1998) .
Despite the wealth of information on other aspects of natural history, relatively little is known about the mating system and social interactions in raccoon populations. Only 2 reports of mating behavior exist for wild raccoons (Goldman 1950; Stains 1956 ). Male raccoons do not provide parental care and do not pair bond with females, so their associations with females are short in duration (1-3 days-Gehrt and Fritzell 1999), thereby posing challenges to studies of mating behavior, reproductive success, and description of the mating system.
Only 1 study has focused on the mating system of freeranging raccoons (Gehrt and Fritzell 1999) . Gehrt and Fritzell (1999) studied the spatial overlap of raccoons during the breeding season and examined consortships between males and females during estrus. Consortships were defined as periods when a male and female rested together. Although females were observed to rest with between 1 and 4 different males, most females consorted with just 1 male during estrus (Gehrt and Fritzell 1999) . However, consortships do not necessarily result in mating, and mating does not necessarily result in fertilization. Furthermore, females might mate with males with whom they have not consorted if these males possess preferred traits or other benefits will be gained by doing so. Although Gehrt and Fritzell (1999) concluded that the mating system of raccoons probably varies between polygyny and promiscuity based on consortship behavior before and during estrus, genetic studies of paternity are necessary to determine how many males actually sire litters to further elucidate mating systems in raccoons.
One study of raccoons has used genetic techniques. Ratnayeke et al. (2002) used random amplified polymorphic DNA markers to examine the relationship between genetic and geographic distances. They found a positive relationship between genetic and geographic distance for females and higher average relatedness for females than for males. Young that were caught with lactating females were considered mother and offspring, and the relatedness between these littermates and the female with which they were caught was compared. Littermates were as genetically similar to each other as mother-offspring pairs (Ratnayeke et al. 2002) , which is suggestive that litters were composed of full siblings that shared a single father. In the context of the findings of Gehrt and Fritzell (1999) , the study population of Ratnayeke et al. (2002) might then be characterized as being polygynous, rather than promiscuous, although this conclusion would require additional supporting data.
Our 1st objective was to characterize the breeding patterns of raccoons using field data in combination with genetic analyses. We used high-resolution microsatellite markers to examine the paternity of raccoon litters. We expected the mating system to be either polygynous or promiscuous (Fritzell 1978; Gehrt and Fritzell 1999; Stuewer 1943) . We tested the hypothesis that litters were sired by 1 male against the alternative that litters were sired by multiple males. Multiple paternity is unambiguous evidence of females mating with multiple males. We also examined whether males could be identified as sires of multiple litters. If males mate with multiple females, the mating system is polygynous. If both males and females mate multiply, the mating system is best described as promiscuous. Monogamy (males and females having 1 mate) was not expected (Gehrt and Fritzell 1999) .
Our 2nd objective was to examine the spatial proximity of females to sires of their litters and their juvenile offspring, as well as the proximity of other related individuals. Because home ranges of females are known to overlap the home ranges of their mothers (Gehrt and Fritzell 1998; Waser and Jones 1983) and dispersal is male-biased (Butterfield 1944; Gehrt and Fritzell 1998; Stuewer 1943; Urban 1970) , we expected sisters and mother-daughter pairs to be trapped closer together than males to their relatives. We examined the relationship between genetic and geographic distance, as in Ratnayeke et al. (2002) , and hypothesized that a relationship between genetic and geographic distance would be detected for females, but not for males.
MATERIALS AND METHODS
Study area.-Our study was conducted on the Union County Conservation Area, a 2,510-ha wildlife refuge located in southwestern Illinois. Raccoons are protected from harvest on the Union County Conservation Area and existed at a population density of 1 raccoon/0.6 ha (Wilson 2005) . Acquired by the Illinois Department of Conservation in 1947, the Union County Conservation Area is managed primarily as overwintering habitat for waterfowl. The Union County Conservation Area contains 1,154.6 ha (46%) of forested land (14% flooded forest, 23% upland forest, and 9% shrub-scrub forest -Ryan 1995) . Forested and cultivated bottomlands are well interspersed and account for 2,165 ha (86%) of dry land. In addition to 3 large lakes, there are many sloughs and ephemeral ponds scattered throughout the Union County Conservation Area. The topography is relatively flat (average slope of ,2%) and portions of forested land flood seasonally. The climate is temperate and typified by cold winters, wet springs, and hot, humid summers.
Capture and handling.-Raccoon trapping on the Union County Conservation Area was focused in 3 bottomland hardwood forest patches, with an effective trapping area of 267.5 ha (Wilson 2005 cm) were set along linear transects adjacent to water or field edges, and spaced at 100-m intervals. We baited traps with commercial cat food and checked them each morning from 0700 to 1100 h.
We anesthetized captured animals with an intramuscular injection of Telazol (5 mg/kg; Fort Dodge Laboratories, Fort Dodge, Iowa) based on an initial estimation of the animal's weight (Gehrt et al. 2001) . We determined the sex of anesthetized animals and classified them as either juveniles or adults (.1 year) based on weight, body size, and condition of dentition (Grau et al. 1970) . We collected an ear-punch sample from each captured individual for genetic analysis. Mortalitysensing radiocollars (120 g; Wildlife Materials, Inc., Carbondale, Illinois) were placed on 56 adult and 10 juvenile females considered to be of an adequate size (.3.5 kg) to carry radiocollars without concern that collars could be removed by the animal or otherwise fall off. All animals were ear-tagged and released at their capture site. Research was conducted in adherence with guidelines of the American Society of Mammalogists (Animal Care and Use Committee 1998) and a university-approved animal welfare protocol.
Collection of young.-During the early young-rearing season (24 April-21 May 2004 and 15 April-27 May 2005), we located adult female raccoons using standard radiotelemetry techniques (White and Garrott 1990 ) during daylight hours. We then returned to den sites after dusk to search for young. Upon arrival at the den location (all tree cavities), we checked for the presence of the adult female. If the adult female was not present at the den site, we checked the cavity for young. For cavities that were inaccessible from the ground, we used standard rockclimbing gear to ascend trees. Young were placed in a drawstring bag and lowered to ground level for processing. We determined litter size and collected ear-punch samples for genetic analysis. Upon completion of data collection, young were returned to tree cavities. This technique worked until young were old enough to climb the tree to avoid capture. Two additional litters were obtained from pregnant females involved in fatal vehicle collisions on the study area.
Analysis of microsatellites.-Ear punches were stored frozen (À808C) until dried at room temperature. DNA was extracted with standard phenol-chloroform procedures (Sambrook et al. 1989 ) and amplified in a PTC-225 thermocycler (MJ Research, Waltham, Massachusetts). Primer sequences are available on GenBank and described in Cullingham et al. (2006) . Polymerase chain reactions were multiplexed for 11 microsatellite loci (PLOM15, PLO2117, PLO3117, PLOM2, PLOM20, PLOM3, PLO214, PLO371, PLOM17, PLO2123, and PLO386) according to the protocol described in Cullingham et al. (2006) . Briefly, each 10-ll reaction included 1XPCR buffer, 1.0 or 1.25 mM MgCl 2 , 0.1 lM deoxynucleoside triphosphates, 1 U Taq DNA polymerase (Invitrogen, Carlsbad, California), 5 ng DNA, and variable concentrations of primers (0.1-0.4 lM) as optimized for multiplex reactions (see Cullingham et al. 2006) . Reaction conditions consisted of 5 min at 958C; 30 cycles of 30 s at 958C (30Â), 60 s at 568C or 608C, and 728C for 60 s; with a final extension step at 658C for 45 min. Products were run on a MegaBASE 1000 (AmershamPharmacia, Piscataway, New Jersey) and scored with Genetic Profiler 2.2 (GE Healthcare, Piscataway, New Jersey).
Statistical analysis.-We tested for deviations from HardyWeinberg equilibrium and linkage disequilibrium (a ¼ 0.05 throughout) with FSTAT, a program to estimate and test gene diversities and fixation indices (version 2.9.3-J. Goudet 2001; http://www.unil.ch/izea/software/fstat.html). We used Cervus 2.0 (Marshall et al. 1998 ) for parentage analysis. This program uses a likelihood-based approach based on the genotypes of individuals in the population, the proportion of the population sampled, and typing errors. One advantage of using this program in parentage assignments is that it allows for genotyping errors and mutations, such that parents are not excluded on the basis of 1 mismatch with offspring. Another advantage of using this program for parentage assignment is that it can distinguish between multiple nonexcluded parents and identify the most likely parent from among them.
Initially, we ran the program without identifying any known parents and estimated the proportion of candidate parents sampled as 50%. This estimate was based on the size of our trapping area, estimates of raccoon density (1 raccoon/0.6 ha), and the number of raccoons for which we had genotypes. All individuals were typed at every locus with an error rate of 0.02, as determined by error rate analysis with known mothers and young in Cervus. The strict level of confidence was 95%; the relaxed level of confidence was 80% in all assignments. We ran 10,000 simulations. We used Cervus to confirm that the female located at the natal den site was the most-likely parent. We then reran the program with known mothers to identify the mostlikely fathers given genotypes of known mothers, and kept all other parameters the same as described above. We also attempted to identify additional parent-offspring pairs by identifying the most-likely parents of juvenile and adult raccoons sampled in the population.
To examine the relationship between genetic relatedness as a function of geographic distance, we used SPAGeDi version 1.2 (Hardy and Vekemans 2002) to perform regression analysis and permutation tests. We determined distances between initial trap locations for each pair of animals because 71% of animals were trapped only once, and this method standardized measurements for all animals. We determined relatedness (r) of Queller and Goodnight (1989) in SPAGeDi version 1.2. We calculated standard errors of relatedness estimates by jackknifing overmated pairs, as recommended by Queller and Goodnight (1989) and according to methods described in Manly (1997) . Kruskal-Wallis tests were used to examine the distance between trap locations for related pairs of individuals of different sex and age classes in SPSS version 10.0.1 (SPSS Inc. 1999). Wilcoxon signed-rank tests were used to compare the distances between initial trap locations of the mothers and fathers of young to the distance between the mothers of young and the average distance to other adult males.
We also tested for sibling relationships among litters with the program Kinship (version 1.2-Goodnight and Queller 1999), according to equations described in Queller and Goodnight (1989) . Kinship determines the likelihood of the observed combination of genotypes based on a specified relationship (e.g., full sibling pairs), and uses a simulation routine to determine the likelihood ratio values corresponding to different levels of significance. Pairs of individuals are generated that match the null hypothesis (i.e., that pairs are unrelated) using allele frequencies in the population. A 2nd series of pairs is then generated that matches the primary hypothesis (i.e., that pairs are full or half siblings). The ratio of these values and the observed ratio are then compared. Results are presented as X 6 1 SE.
RESULTS
We trapped 279 different raccoons (83 adult females, 122 adult males, 35 juvenile females, and 39 juvenile malesWilson 2005) and followed 31 different radiocollared females to 60 different trees during the young-rearing season. Twentyseven of these trees were too dangerous to climb or the cavities were too deep to remove the young safely. We successfully extracted 10 litters ( X ¼ 3.2 6 0.4 young/litter, range: 1-6 young/litter) from 11 trees. In the remaining cases (n ¼ 22 trees), females either did not have young or had moved young to other den sites before we returned in the evening. We were reasonably confident that we sampled complete litters, because average litter size was similar to that reported for other studies in Illinois (3.6 young/litter -Fritzell et al. 1985; Sanderson 1987) . Furthermore, litter size was comparable to that of the 2 pregnant females hit by cars (3 and 4 young).
One locus, PLO3117, was sex-linked, so was not used in the analysis. We did not detect deviations from Hardy-Weinberg equilibrium for the remaining 10 loci; there was neither an excess nor a deficit of heterozygotes (P . 0.005 after Bonferroni corrections for randomizations). The numbers of alleles at loci retained in the analysis were 15 at PLOM15, 27 at PLO2117, 15 at PLOM2, 11 at PLOM20, 6 at PLOM3, 19 at PLO214, 10 at PLO371, 6 at PLOM17, 13 at PLO2123, and 24 at PLO386, for a total exclusionary power of 0.999 for the 1st parent and 0.999 for the 2nd parent.
Genotypes were determined for 182 individuals (42 adult females, 23 juvenile females, 57 adult males, 25 juvenile males, and 35 young). In all but 1 case, examination of genetic data identified the female that had been located at the natal den as the mother and did not identify any other female as the mother (i.e., no false positives were detected). In this exceptional case, a female was located at the natal den tree of an unrelated female (r ¼ 0.008). The actual mother was later located with the litter, but because the young were too young to mark, the 6 young were inadvertently sampled twice (n ¼ 35 different young from 11 litters of 11 different females, not 41 young from 12 litters). This duplication was later revealed by genetic information (genotypes of young were the same for both litters), and Cervus identified the 2nd female as the actual mother. Cervus also identified 7 fathers from among sampled males for 5 litters; for 3 of 5 litters, 2 fathers were identified from among sampled males. One of these males (14%) sired young in 2 litters, indicating that at least 1 male mated with and fertilized the eggs of multiple females. For litters with multiple identified fathers, paternity was distributed between the males as follows (young sired by male 1 : young sired by male 2): 1:1, 3:2, and 2:1. For the other 2 litters, only 1 male was identified, though multiple paternity was indicated by allele counts. Based on allele counts in litters with .2 young (this method is ineffective in detecting multiple paternity for litters of 2), we estimated that !88% of these litters (n ¼ 8) were sired by at least 2 males (.2 paternal alleles among young at multiple loci), although these males had not been sampled in many cases. We never detected .4 paternal alleles at a single locus among young in any litter. Maternal and paternal assignments in Cervus at the set confidence levels were possible for 49% and 37% of offspring, respectively. Average relatedness of assigned mothers and fathers to their offspring was 0.51 6 0.02 and 0.33 6 0.03, respectively.
The average relatedness of littermates was 0.32 6 0.01 (n ¼ 46 pairs). (Nonlittermates had an average relatedness of 0.00.) Full-sibling littermates (n ¼ 31) had an average relatedness of 0.41 6 0.01. Half-sibling littermates (n ¼ 5) had an average relatedness of 0.14 6 0.01. The relationship between 10 pairs of littermates was not significant in Kinship (P . 0.05), although Cervus indicated that they shared at least 1 parent. Failure to identify significant relationships between related pairs can result if genotypes of the individuals in a comparison are common in the population.
Cervus also identified 32 parent-offspring pairs or related pairs of adults sharing alleles at each locus in the population (Table 1) . Pairs of related adult males (n ¼ 8, r ¼ 0.47 6 0.01) were trapped farthest apart; adult females and their juvenile offspring (n ¼ 5, r ¼ 0.47 6 0.03) from the previous year were trapped closest together (v 2 ¼ 10.5, d.f. ¼ 4, P ¼ 0.033). Fathers of young were trapped near locations where mothers were trapped (n ¼ 8, X ¼ 642 m, range: 81-2,062 m), which was less than the distance between females and the average distance to other adult males (n ¼ 8, 1,763 6 177 m, Z ¼ À2.1, P ¼ 0.04). Males had very low relatedness to mates (r ¼ À0.06 6 0.02, range: À0.23-0.11). Average relatedness of related adult females (n ¼ 3) was 0.45 6 0.05. Geographic distance (the independent variable) explained very little of the variation in relatedness (the dependent variable) for adult males (n ¼ 1,594 pairs, R 2 ¼ 0.001, y ¼ À3.84 Â 10 À6
x À 0.010; P ¼ 0.31; Fig. 1) , and for adult females in the population (n ¼ 861 pairs, R 2 ¼ 0.000, y ¼ À1.13 Â 10 À6 x À 0.023; P ¼ 0.38; Fig. 2 ). Analysis including juveniles revealed a weak relationship for females (n ¼ 2,078 pairs, R 2 ¼ 0.000, y ¼ À2.03 Â 10 À6 x À 0.012; P ¼ 0.08), but not for males (n ¼ 3,320 pairs,
DISCUSSION
We documented multiple paternity (i.e., multiple males fertilizing litters) and promiscuity (i.e., males and females both mating with multiple mates) in raccoons in southern Illinois. When fathers could be identified from among sampled males, sires generally were trapped in proximity to where dams were trapped. However, in 2 of 8 cases, sires were trapped .1 km from dams. Both of these adult males were identified as fathers in multisired litters, with the 2nd sires of these litters trapped near (,500 m) the locations where dams were caught. Although we did not quantify home ranges, we believe the observed distances between trap locations of mated pairs indicated potential overlap in home ranges. Assuming a circular home range with a diameter of 600 m (estimated from Lehman 1977; MacClintock 1981; Moore and Kennedy 1985; Prange et al. 2003; Rosatte et al. 1991) , the minimum distance between the centers of 2 adjacent nonoverlapping home ranges would be 600 m. Therefore, animals trapped ,500 m apart are likely to have overlapping home ranges, which suggests that litters were sired predominantly by neighboring males.
We hypothesize that differences in our findings from those of Gehrt and Fritzell (1998, 1999) may be due in part to differences in densities and environments between the 2 populations. Gehrt and Fritzell (1999) concluded that the mating system in their population varied between polygyny and promiscuity, although most females consorted with 1 male during estrus. We hypothesize that multiple mating by females on our study area may be due to 2 primary factors acting concomitantly: high encounter rates among animals due to high population density and a male-biased sex ratio.
Our study area contains one of the highest population densities of raccoons in the literature (range ¼ 1 raccoon/0.4 ha-1 raccoon/25 ha- Gehrt and Fritzell 1996a; Twitchell and Dill 1949) at 1 raccoon/0.6 ha (Wilson 2005) . Mediated by this high density, promiscuity in this population might be facilitated by high encounter rates with potential mates (Thusius et al. 2001) . Low costs of searching for mates may increase opportunities for multiple mating (Birkhead and Møller 1992; Westneat et al. 1990 ). Furthermore, dominant males might prefer to restrict access to females in favor of a polygynous system, but at high population densities the ability of males to maintain exclusive access to females may be low (Gehrt and Fritzell 1998; Whittenberger 1980) . In raccoons, territoriality varies with population density; males are territorial at low densities (Fritzell 1978) , but at high densities, males overlap but do not interact (see review in Gehrt 2003) . Gehrt and Fritzell (1999) reported male dominance and roaming in 1 low-density raccoon population and suggested that roaming might be a strategy used by males unable to monopolize access to females during estrus.
Another factor that can influence mating systems is the ratio of males to fertilizable females in a population (Emlen and Oring 1977) . A biased sex ratio will affect the availability of mates; members of the rarer sex will be encountered less frequently than members of the more common sex. Therefore, opportunities for multiple mating may be limited for members of the more common sex. This can then influence the payoffs of different strategies such as the benefit of restricting access to fertile females through mate guarding versus the associated cost of missed opportunities for mating with additional mates while guarding. The adult sex ratio in our raccoon population was 1.5 males : 1 female. This male-biased sex ratio might increase encounters by females with males and allow greater choosiness without reducing mating opportunities (Kvarnemo and Ahnesjö 1996) .
Females may consort or mate with males for a variety of reasons (Wolff and Macdonald 2004) . First, mating with multiple males may allow females to avoid costly aggressive behavior by males, such as infanticide and sexual harassment, by confusing paternity (Wolff and Macdonald 2004) . In raccoons, females enter estrus if a litter is lost early in the season (Gehrt and Fritzell 1996b) , so infanticide would create new opportunities for males to gain paternity. Mating with multiple males may then be a strategy to obscure paternity and offer protection to young (Hrdy 1979) . Furthermore, postcopulatory sexual selection might occur through sperm competition or cryptic female choice (Birkhead 2000; Møller and Birkhead 1989) . Additionally, multiple mating might maximize the number of surviving offspring by increasing the genetic diversity of offspring, genetic compatibility, or litter size (Wolff and Macdonald 2004) . Other possible benefits include material benefits or paternal care, although this is unlikely in raccoons because females raise young without assistance from males (Gehrt 2003) .
Multiple paternity and promiscuity may help explain the lack of a relationship between relatedness and geographic distance in this population. When litters are sired by multiple fathers, some littermates will be half siblings. This dilutes relationships among female littermates that mature and remain in their natal areas. Furthermore, when males sire litters in different locations, as might be expected if some males roam in pursuit of receptive females (Gehrt and Fritzell 1998) , the resulting halfsiblings from these litters may be located far apart. Thus, multiple paternity may impede the development of population structure (Ratnayeke et al. 2002) .
Our findings contrast somewhat with reports of genetic structure in raccoons by Ratnayeke et al. (2002) . They found a positive correlation between geographic distances and genetic distances among females, although their data possessed a lot of variability. We failed to find a significant relationship between genetic relatedness (similarity) and geographic distance among females, although the direction of the relationship was slightly negative, as expected. The relationship also was not significant for males. However, we did document greater distances between related adult males, and comparatively shorter distances between related adult females ( Table 1 ). The comparatively shorter distances we observed for females are consistent with greater philopatry in female raccoons. Furthermore, these distances did not include dispersal off the study area, which would be expected to be greater for males, creating an even stronger difference between males and females. Other studies have reported dispersal distances of males as large as 33 km (Gehrt and Fritzell 1998) , 45 km (Stuewer 1943) , and in 2 very extreme cases, 275 km (Lynch 1967; Priewert 1961) , although average dispersal distances are more modest (9.7 km- Gehrt and Fritzell 1998; 19.6 km-Stuewer 1943) . Although limited dispersal by 1 or both sexes has been hypothesized to lead to population structure, dispersal in 1 sex or in a limited number of individuals is frequently sufficient to prevent detectable population structure. The lack of genetic structure in this population is consistent with several other studies of mammal populations, including kangaroo rats (Dipodomys spectabilisWaser and Elliott 1991) and woodrats (Neotoma macrotis- Vonhof et al. 2006 ). This study contributes to our understanding of mating systems in raccoons, especially from the perspective of females, and provides new insights into spatial organization.
